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6.1 The effects of presynaptic inhibition on EPSP's and IPSP's General Introduction 
This study is primarily concerned with inhibitory synaptic transmission mediated by the 
neurotiansmitter, y-amino butyric acid (GABA), in the hippocampus. The balance between 
excitation and inhibition is ciitical in the hippocampus m v/vo. Dismption of the balance 
can lead to synchronous activation of the cellular network and excessive electrical 
dischaiges. The available literature presents a comprehensive chaiacterisation of the 
excitatory receptor mechanisms has been made under physiological and pathological 
conditions both fV; v/f/o and /o w'vo.. Studies on inhibitory synaptic transmission have 
revealed a fast postsynaptic inhibition mediated by GABA^ receptors, a slow postsynaptic 
inWbition mediated by GABAg receptors and a presynaptic inhibition mediated by GABAg 
receptors. Tliere is a good understanding of the physiological role of the GAB A A receptors 
in modulating synaptic transmission which is not as apparent for the pre and postsynaptic 
GABAg receptors. 
At the time of commencing this work, most of the information available about the 
mechanisms of action of GABAB receptors was centred on the slow inhibition mediated by 
the postsynaptic GABAB receptor. Much less was known about the mechanisms of action 
of the presynaptic receptor and how it might differ from the postsynaptic receptor. 
Although GABA and baclofen had been shown to block the release of GABA and to 
depress excitatoiy transmission, a physiological role for the involvement of presynaptic 
GABAg receptors in the modulation of excitatory synaptic transmission had not been 
established. The heterogeneity of the pre and postsynaptic receptors was still very much in 
debate and there were no pre or post selective antagonists or agonists available. 
The original aim of this study was to use the available GABAB antagonist 2-hydroxy-
saclofen, to investigate the role of pre and postsynaptic GABAB receptors in the slow 
inhibition and the modulation of excitatoiy synaptic transmission at both the network 
(extracellular recording) and the single cell (patch clamp) level. (SOM) and neuropeptide Y (NPY) (Bakst,Momsen, & Amaral, 1985) and glutamate 
(Sloviter & Nilaver, 1987). 
The Hippocampus Proper (Ammon's Horn) 
This comphses areas CA4, CAS, CA2 & CAl. The most likely candidates for the role of 
excitatory neurotransmitter in Ammon's horn CA3/CA1 synapse are glutamate and 
aspaitate (Stoi-m-Mathisen, 1977a; Cotman & Nadler, 1981; Stoi-m-Mathisen, Leknes, 
Bore, Vaaland, Edminson, Haug, et al., 1983; Ottersen & Storm-Mathisen, 1985). 
The CA3 field forms part of the hippocampus proper and is quite often mixed witli area 
CA2, although CA2 neurones can be distinguished by their lack of dendritic spines. CAS 
pyramidal cells receive large mossy fibre input Aom dentate gi anule cells on their proximal 
apical dendrites and projections from the entorhinal cortex. They in turn send out 
projections, the Schaffer collaterals, commisural afferents and tlie longitudinal association 
bundle (Schaffer, 1892; Ramon y Cajal, 1893; Lorente de No, 1934; Swanson, 
Sawchenko, & Cowan, 1980; Swanson, 1982). The Schaffer collaterals form the lastpait 
of the tiisynaptic pathway and project to pyramidal cells in the CAl Held. Proximal CA3 
neurones project to CAl more septally while those nearer CAl project to a more tempoml 
level (Ishizuka,Weber, & Amaral, 1990). The projections travel both contra- and 
ipsilaterally to pyramidal cells and interneurones and are extensive along the entire 
septotemporal axis. Commisural connections me sent along the ventral hippocampal 
commisure to contralateral CAS and CAl areas, synapsing with pyramidal cells and 
intemeurones. The longitudinal association bundle consists of CAS fibres which remain in 
the CAS field. Few fibres are seen entering the subiculum and no projections are found to 
the entorhinal coitex. Some CAS and CA2 projections have been obsei-ved to the hilus and 
dentate areas (Ishizuka et al., 1990). 
The CAl field extends to the subiculum, with easily identifiable, densely packed, 
pyramidal cells. Basal dendiites of the CAl pyiamidal cells extend to the stratum oriens 
while apical dendrites extend throughout stiatum lucidum, radiatum and lacunosum-
moleculare, depending on their branching and synaptic input. The CAl area is thought to 
form the major output area for the hippocampus, sending axons via the fornix and fimbria. 
It receives a laige input from CAS both ipsi- and contralaterally as well as projections of the 
temporoammonic tiact from the entorhinal cortex. It, in turn, sends efferents to the 
ipsilateral subiculum (Finch & Babb, 1981) and the entorhinal cortex (Finch,Wong,Derian, 
& Babb, 1986). CA2 field is often grouped witli CAS field and they cannot always be distinguished. Both 
associational and schaffer collateral projections also arise from CA2. The pattern of 
connections is thought to resemble most closely the distal part of CAS (Ishizuka et al., 
1990). The CA4 field is located in or just outside the dentate hilus and leads into CA3. In 
the rodent there is vei-y little distinction between the polymorphic layer of the dentate and 
the CA4 neurones. 
Extrinsic Connections 
There is a massive projection from the hippocampus proper to the lateral septal nucleus 
(Swanson,Sawchenko, & Cowan, 1981) which forms the first part of a feedback loop 
between the hippocampus and the septum, as follows: Hippocampus -Lateral Septum 
- Medial Septum - Hippocampus (Milner & Amaral, 1984). Many biochemical studies 
indicate the cholinergic nature of the septohippocampal projections (Fonnum, 1970; 
Nadler,Cotman, & Lynch, 1974; Amaral & Kurtz, 1985) although GABAergic innei-vation 
is quite prominent (Kohler,Chan-Palay, & Wu, 1984; Schwerdtfeger, 1986; Freund & 
Antal, 1988; Gu]yas,Seress,Toth,Ascady,Antal, & Freund, 1991) and substance P fibres 
are also present (Baisden,Woodruff, & Hoover, 1984). Septal fibres act in an excitatory 
manner to generate rhythmic, slow, theta activity (Swanson,Teyler, & Thomson, 1982; 
Stewart & Fox, 1989). 
The hippocampus has been shown to send excitatory afferents to the amygdala (Ottersen, 
1982; Mello,Tan, & Finch, 1992). Projections can also be found from tlie subiculum to the 
thalamus and hypothalamus (Swanson & Cowan, 1977). Connections from the 
hypothalamus to all areas of the hippocampus have been shown (Hagiund,Swanson, & 
Kohler, 1984) as well as projections from the thalamus to the stratum lacunosum of area 
CAl (Herkenham, 1978). 
Pi ojections from the serotonin containing cells of the raphe nuclei to the hippocampus have 
been studied (Azmitia & Segal, 1978) and it is thought that they provide serotonergic 
modulation of granule cells by feed forward inhibition (Assaf & Miller, 1978; Winson, 
1980). There are also extensive septal and raphe inputs onto the GABAergic cells of the 
hippocampus (Miettinen & Freund, 1992). 
Catecholaminergic fibres enter the hippocampus from the locus coerulus through the 
fimbria-fornix and are widely distributed tlnoughout (Blackstad,Fuxe, & Hokfelt, 1967; 
Storm-Mathisen, 1977a). The tiansmitter used is noradrenaline, which has excitatory 
actions in the dentate gyi-us and inhibitory actions in CAl, CA3. 
10 Excitatory synapse 
^ Inhibitory synapse 
Figure 1.3 IVIodel of inhibitory circuitry in the CA1 region 
of the rat hippocampus. 
Afferents in stratum radiatum make excitatory synapses on apical 
dendrites of pyramidal cells, basket cells, 0/A cells and L/IVI cells. 
Pyramidal cells send recurrent excitatory collaterals to pyramidal cell 
somata and 0/A cells. Basket cells send inhibitory collaterals to pyramidal 
cell somata, L/M cells and 0/A cells. 0/A cells send inhibitory collaterals to 
the pyramidal cell somata and basket cell dendrites. L/M interneurones 
send inhibitory collaterals to the apical dendritic regions of pyramidal cells, 
basket cells and 0/A cells. 
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Figure 1.4 shows a schematic diagram of a GABA synapse. On 
the postsynaptic membrane the GABA A receptor is linked to a CI 
channel and the GABA B receptor is linked to a G-protein which 
activates a K+conductance. On the presynaptic membrane, 
activation of the GABA B receptor depresses transmitter release. 
22 1980; Auk & Nadler, 1983; Blaxter & Caiien, 1985; Newberry & Nicoll, 1985; 
HaiTison,Lange, & Barker, 1988; Harrison, 1990). Baclofen acting on postsynaptic 
GABAg receptors was found to open voltage sensitive K+ channels (Newberry & Nicoll, 
1985). The ICgQ for baclofen is around lOpM (Inoue,Matsuo, & Ogata, 1985a). Baclofen 
was found to depress GABA mediated inhibitory postsynaptic potentials by a presynaptic 
action at GABAg receptors on or near the terminals of inhibitory interneurones possibly at 
presynaptic autoreceptors (Harrison et al., 1988). The possibility that GABA and baclofen 
activate different receptors has also been suggested (Jai olimak,Bijak, & Misgeld, 1992). It 
would appeal" that baclofen is more potent in reducing the inhibitory transmission than 
increasing postsynaptic conductance and it is difOcult to separate the pharmacological 
profile of the pre- and postsynaptic receptor (Yoon & Rothman, 1991; Thompson, 
Scanziani, Capogna, & Gawhiler, 1992). 3-APPA (3-aminopropylphosphinic acid) is a 
relatively recently described agonist which has been found to be more potent than baclofen 
and acts at both pre and post synaptic receptors in the hippocampus (Lovinger,Hanison, & 
Lambert, 1992). It has also been employed in a number of binding studies (Olpe et al., 
1990). 
The first compounds to be repoited to have antagonist like actions at the GABAg receptor 
were 5-firnmnvAleric acid and 3-propanesulphonic acid. However, it became cleai" that these 
were noi^^^l^id effects were obsei-ved at the GABA^ receptor (Muhyaddin,Robeits, & 
Woodruff, 1982; Giotti,Luzzi,Spagnesi, & Zilletti, 1983; Nakahiro,Saito,Yamada, & 
Yoshida, 1985). This effectively limited theii" use as GABAg antagonists. Following this, 
a number of compounds were synthesised and of these, phaclofen, saclofen and 2-
hydroxy-saclofen (2-OH-S) appeared to be the most effective in displacing labelled ligand 
from GABAg binding sites and blocking GABAg responses (Kerr,Ong,Prager,Gynther, 
& Curtis, 1987; KeiT, Ong, Johnston, Abbenante, & Prager, 1988). More recently CGP 
35348 was found to displace labelled 3-APPA binding to GABAg sites (Olpe et al., 1990) 
and became the most potent compound available. Currently two additional CGP 
compounds, CGP 36742 and CGP 54062 have become available which appeal' to be even 
more potent. The ICgg values are 35|iM and 0.012|iM respectively. 
The lidocaine derivative QX-314 is believed to block the K+ conductance linked to 
GABAg receptors in the hippocampus, effectively blocking the late slow inhibition 
(Natlian, Jensen, & Lambeit, 1990; Andrade, 1991). Its use as a tool to separate the effect 
of activation of GABAg receptors on K+ and Ca^+ conductances may be promising. 
25 2.2 Extracellular Recording 
Extiacellulai- voltage recordings were obtained from area CAl using glass microelectrodes 
(Clark Electromedical, 150F) containing 3M NaCl with a tip resistance of 4-lOMO and 
placed in the stratum pyramidale . Oithodromic stimuli (0-30V 0.2msec) were delivered 
to the Schaffer collaterals / commisural afferents (excitatory afferents) with a twisted 
bipolar stimulating elecaode connected to a digitimer stimulating box. Electrodes were 
lowered into the slice using a micromanipulator (Leitz), directly into the cell layer of the 
CAl area while recordings were made using an Axoclamp 2A. These were filtered at 
IKHz, digitally sampled at 10 KHz and stored to disc using a PC 286 (Dell). Subsequent 
analysis averaged six individual responses under each condition to reduce noise before 
measurement of the size of the population response amplitude and the field excitatory 
potential (epsp) slope. The population spike response was measured as the difference of the 
peak from the value of the underlying wave foiTn linearly extrapolated from the values 
immediately before and after the spike. The field EPSP slope was calculated from a linear" 
approximation of tlie initial lise of the wave fonzi. The stimulus voltage was routinely set to 
achieve either half maximal stimulus voltage or half maximal response amplitude (see 
individual chapters). 
2.3 Whole Cell Recording 
Glass electrodes (GC lOOF, Clark Electromedical) were pulled using a double pull protocol 
on a two stage puller (Narashige PB7). The electrodes produced were neither flame 
polished or coated with sylgar before use. They were accepted for use if the tip resistance's 
were between 5 and 10 when filled with a standaid intracellulai' solution containing 
(mM): Gluconate 100; KCl 12.6; Hepes 40; EGTA 10; ATP 5; 
Leupeptin 0.1, adjusted to a pH of 7.2 with KOH (approximately 180mM). The 
electiode was then attached to a HL-1-12 electrode holder widi an AgCl - coated silver wire 
and recordings were made using an Axopatch ID (Axon instruments). Positive and 
negative pressure were applied to the electrode by means of an air filled syiinge and suction 
tube. 
Single cell recordings were obtained by lowering the electrode into the CAl layer of the 
slice while under positive pressure using a Leitz manipulator. On entering solution the 
Axopatch was zeroed and switched to voltage clamp mode and a current evoked by a 
30 Figure 2.1 CAl pyramidal cell filled with 5,6-carboxyfluorescein 
A) The soma, basal and apical dendrites and axonal output pathways of a CA 1 pyramidal 
cell are shown in false colour to enhance the image seen. The vertical scale (2cm = 50(im) 
gives an idea of the size of the cell and its connections. 
B) A high power image of a single dendrite with swellings believed to be dendiitic spines. 
This is where the majority of receptors and ion channels are thought to be situated. 
C) A high power image of the axonal output pathway showing characteristic beading, 
thought to be points of synaptic contact. 
33 3.2 Materials and Methods 
Slices were prepaied as described in chapter 2 and those from the septal end of the 
hippocampi were used preferentially, as septo-temporal gradients have been observed in 
paired pulse experiments, septal slices exhibiting stionger inhibition (Radpour & Wheal, 
1987). Slices were tiansferred to the recording chamber and perfused with standard ACSF. 
This was maintained at approximately 32°C and oxygenated throughout the experiment. 
Drugs were diluted to the correct concentiation in ACSF and perfused through the chamber 
until the recording of the population spike had stabilised. 
A twisted bipolar elecuode was placed in the stratum radiatum to activate the excitatory 
afferents. Unless stated, the stimulus was set to achieve a population response of half 
maximal amplitude. Extracellular recordings from the CAl pyramidal cell layer and theii" 
subsequent analysis were obtained as set out in the methods section. 
The drugs used were: Phaclofen ImM (Tocris Neuramin) and Bicuculline l|iM (Sigma). 
38 the population spike and the slope of the field EPS? observed at these intei-vals could be 
blocked by the GABAg antagonist phaclofen as would be expected if this were to prevent 
the activation of the presynaptic receptors by GABA. 
In summary, bicuculline proved itself to be an effective tool in blocking the GABA^ 
mediated inhibition. Phaclofen, however, had to be used in veiy high concentrations in 
these experiments (ImM) in order to reduce the GABAg mediated inhibition. It was 
decided therefore, to investigate GABAg mediated inhibition using the more potent ligand 
2-hydroxy-saclofen (2-OH-S) which was available at that time. 
N.B. 
In this and the following chapter, the reduction in the test spike seen at 10ms is most 
probably due to the cells still being in their refractory state, unable to fire within the short 
time interval given. The inhibition due to activation of GABA^ receptors is found later at 20-
40ms. 
50 pharmacology or tiansduction mechanisms could allow specific taigeting of therapeutic 
dmgs with, perhaps, fewer side effects. 
However, even though the GABAg system provides a powerful control of the excitatory 
system there appears to be very little evidence for a physiological role for the suppression 
of glutamate release and inhibition of excitatory transmission via presynaptic GABAg 
receptors (Momsett et al., 1991; Isaacson et al., 1993). Presynaptic inhibition of the 
release of endogenous GABA may well be physiological. Neurochemical techniques have 
established the presence of GABAg autoreceptors in brain tissue and they appear more 
abundant than presynaptic GAB A A receptors (Pittaluga,Asaro,Pellegiini, & Raiteri, 1987; 
Waldmeier,Wicki,Feldtrauer, & Baumann, 1988; Waldmeier & Baumann, 1990). More 
recently an influence of GABAg receptors in the genesis of long term potentiation has been 
proposed by some gioups (Olpe & Karlsson, 1990; Davies,Staikey, & Pozza, 1991; Mott 
& Lewis, 1991). 
Investigation of the mechanisms of GABAg mediated inhibition wiU hopefully provide us 
with some answers about the functional role of these presynaptic receptors and their 
heterogeneity. 
52 known to be present in the hippocampus and appeal' to decrease neurotransmitter release 
when activated, at both inhibitory and excitatory terminals (HaiTison et al., 1990; 
Thompson, Capogna, & Scanziani, 1993). Any postsynaptic actions would compound 
these effects. 
Based on the evidence presented from these experiments and previously published 
obsei-vations of blockade of both the actions of baclofen (Lambeit, Hanison, Ken', Ong, 
Prager, & Teyler, 1989; Hai-rison et al., 1990) and the slow IPSP, we suggest that 2-OH-S 
is acting as a full or partial agonist at presynaptic GABAg receptors. This hypothesis caii 
account for the anomalous obsei-vations that 2-OH-S reduces eaily, GABAy^ mediated 
inhibition and also that bicuculline fails to affect population spike amplitude in its presence. 
It is proposed that 2-OH-S can activate presynaptic GABAg receptors of inhibitory 
interneurones (as well of excitatory synapses), reducing their release of GABA and hence 
reducing early (and late?) inhibition. This would reduce tonic GABA release and hence 
prevent the action of bicuculline to increase population spike amplitude by antagonising this 
tonic effect. 
In order to investigate these results in further detail, a more selective approach was needed 
to look at the mechanisms of inhibition in an individual cell. It was decided that the 
technique of whole cell voltage clamp should be used for this purpose, to enable inhibitory 
cunents, in particular those mediated by GABAg receptors, to be analysed in isolation. 
These aims and results aie set out in the following two chapters. 
67 work via the same PTX-sensitive G-protein that is linked to the postsynaptic GABAp 
receptor (Dutar & Nicoll, 1988b; Colmers & Williams, 1988; Colmers & Pittman, 1989; 
Han ison, 1990). However, other groups suggest that activation of the presynaptic receptor 
is PTX sensitive (Scholz & Miller, 1991b; Yoon & Rothman, 1991a) but that it may be 
more difficult to access than the postsynaptic leceptor. 
It may also be the case that different subtypes of GABAg receptors exist on nei-ve temiinals 
with different transduction mechanisms. The presynaptic receptors located on inhibitory 
tenninals appear to be PTX-sensitive (Scanziani et al., 1992; Thompson & Gahwiler, 
1992a). The effect of baclofen on the IPSP is sensitive to Ba^+ in area CA3 (Scanziani et 
al., 1992; Thompson & Gahwiler, 1992a), suggesting activation of a K"*" conductance, 
although this may not be true of area CAl (Lambert et al., 1991b). Ba^"*" resistant actions 
may be mediated by decreases in Ca^+ cunent (Alford & Giillner, 1991). 
If presynaptic inhibition was indeed mediated by a decrease in Ca^+ conductance, it could 
be predicted that agonists at presynaptic receptors would have a similar effect to non 
specific Ca^+ channel blockers. Studies on the frequency and amplitude of miniature 
synaptic currents in the presence of TTX (tetrodotoxin) which blocks action potential 
dependant release, can provide information about the pre- and postsynaptic changes 
respectively (Thompson & Gahwiler, 1992a) demonstiated that the non specific blocker of 
Ca^+ channels, Cd^+ had no effect on the frequency or amplitude of miniature 
EPSC's/lPSC's (mEPSC / mlPSC) and concluded that voltage dependant Ca^+ channels 
can only be opened by action potentials and do not contribute significantly to Ca^+ 
permeability at rest. A number of GABAergic and non-GABAergic agonists do decrease 
the frequency of miniature cunents but not the amplitudes confinning their effects at 
presynaptic sites (Scanziani et al., 1992). it was suggested that activation of these receptors 
leads to an inhibition of transmitter release by inteifering with the release process and not 
by altering presynaptic conductances. However, this does not exclude the possibility tliat 
activation of presynaptic GABAg receptors does in fact decrease Ca^+ influx diiectly. 
The receptors on excitatory terminals appear to consist of both PTX-sensitive and PTX-
insensitive types (Scanziani et al., 1992; Thompson & Gahwiler, 1992a; Potier & Dutar, 
1993).The effect of baclofen upon the inhibition of the EPSP is Ba^+ insensitive (Dutar & 
Nicoll, 1988b; Scanziani et al., 1992; Thompson & Gahwiler, 1992a) and appears to be 
independent of (co-CgTx) sensitive, N-type Ca^+ channels (Potier & Dutar, 1993). New 
studies indicate that, if the presynaptic receptors worked via a K+ conductance, it would 
have to be substantially different from the Ba^^ activated K+ conductance that is 
responsible for the postsynaptic effects (Otis et al., 1993). 
84 inhibition of EPSC/P's (Dutar & Nicoll, 1988b; Thompson & Gahwiler, 1992a) and the 
IPSCA (Davies et al., 1990; Harrison, 1990; Otis & Mody, 1992) has been obtained using 
selective antagonists and agonists for GABAg receptors, this cannot be used to look at the 
inhibition of the IPSCg because the involvement of the postsynaptic current and 
desensitisation is difficult to rule out. Recent evidence obtained from granule cells of the 
dentate gyrus, looking directly at the kinetics of the postsynaptic GABAs cunent and 
comparing them with the kinetics of paired pulse depression, suggests that the depression 
of the GABAg and GABAA components are similar and due to presynaptic mechanisms 
(Otis et al., 1993). In contrast to all this evidence though, a recent paper suggested that the 
depression of the slow GABAg IPSP arises from at least two components, an increase in 
the depolarising GABA response due to CI" accumulation and inhibition mediated by 
activation of GABAA receptors on the interneurones (Bemaido, 1993). 
Disinhibition has may play an impoitant pai t in the modulation of the NMDA response and 
the induction and facilitation of LTP in a number of areas of the hippocampus 
(Mott,Bragdon, & Lewis, 1990; Olpe & Karlsson, 1990; Burgard & Sarrey, 1991; Davies 
et al., 1991; Mott & Lewis, 1991; Davies & Collingridge, 1992; Mott, Xie, Wilson, 
Swartzwelder, & Lewis, 1992; Mott & Lewis, 1992; Olpe, Fenat, Worner, Andre, & 
Steinemann, 1992). Ordinarily the GABAA hypei-polarisation is very large and suppresses 
the NMDA mediated cunent. When the fonner is depressed by the activation of the 
presynaptic GABAg autoreceptors, the result is a net increase in the NMDA cunent which 
then enhances the induction of LTP. This therefore provides an important point of control 
in the synaptic process of learning and memory. The frequency at which the disinhibition 
facilitates LTP is also important and appears to correlate with the endogenous hippocampal 
theta rhythm (Mott et al., 1993). At higher frequencies, GABAg antagonists appear to 
facilitate, mther than block, the induction of LTP (Olpe & Karlsson, 1990). 
With this anay of evidence in hand, the effects of 2-OH-S upon GABAergic inhibition in 
area CAl of the hippocampal slice were studied and compaied with the effects of CGP 
36742 and (-)baclofen. The effects of paired pulse inhibition on the EPSC and the 
underlying GABAergic mechanisms was also investigated. 
86 Effects of 2-OH-S and CGP 36742 on the Isolated IPSCA and IPSCg. 
The effects of 2-OH-S (200|iM, n=7) and CGP 36742 (100|iM, n=5) were investigated on 
tlie isolated IPSCA zuid IPSCB- As neither of the drugs are known to have any direct effect 
at the GABAA receptor, then any change in the IPSCA would be presumed to be as a result 
of an indirect effect at the presynaptic GABAg receptors on the teiTninals of the inhibitory 
basket cells, thereby altering the release of GABA and subsequent activation of the 
GABAA receptors. 
CGP 36742 reversibly reduced the peak amplitude of the IPSCg by 44.38+8.24% 
(control, 22.05+2.3pA; CGP, 12.28±1.97pA, p<0.01) with no significant effect on the 
peak amplitude of the IPSCA (0.19+6.6%; control, 47.87±5.6pA; CGP, 48.15+6.67pA). 
It is likely that the decrease in the amount of reduction of the IPSCg here and in the 
previous section is due to the residual IPSCA which remains where the peak of the IPSCg 
was measured. Application of 2-OH-S reversibly blocked the peak amplitude of botli the 
IPSCA (53.8±3.79%, contiol, 43.84+8.74pA; 2-OH-S, 19.98+3.86pA, p<0.01) and the 
IPSCB (83.13±3.13%, control, 17.21±5.09pA; 2-OH-S, 2.87±1.27pA, p<0.01). 
Representative traces to show the effects of the two drugs are shown (Figure 6.8). 
Looking at the traces it would appear tliat die IPSCA "des on top of the IPSCg. From this 
it might be considered that the reduction in the IPSCA rn&y be due to the reduction in the 
amplitude of the IPSCB- However, the argument against this being the case, is that CGP 
36742 while significantly depressing the IPSCg, does not reduce the IPSCA- Also we 
could not measure any significant current at the latency of the peak of tlie IPSCA when the 
IPSCB was studied in isolation. 
The effects of both of the compounds were quantified as mean±s.e.m. of the peak 
amplitude of the IPSCA IPSCB ^ind aie displayed in the histograms in Figure 
6.9A,C (IPSCA) and Figure 6.10A,C (IPSCB). Both compounds can be seen to 
significantly reduced the peak amplitude of the IPSCB but only 2-OH-S reduced the peak 
amplitude of the IPSCA- The ribbon graphs show the responses of each individual cell to 
the application of 2-OH-S (6.9B, 6.10B) and CGP 36742 (6.9D, 6.10D) In most 
cases tlie mean is a reflection of the trend of the responses of the individual cells. There is 
some scatter between the conti ol and the wash responses but all responses to the two drugs 
appear similai". A noticeable outlying result is the response to 2-OH-S of tlie IPSCA foi' ons 
cell (6.9B) which has a much larger peak amplitude than the rest of the group, but the 
reduction of the response is still apparent. 
100 Figure 6.9 (next page) The effects of 2-OH-S (200|iM, n=7) and CGP 36742 (lOOfiM, 
n=5) on the IPSCA and-iPS-EB are shown quantified as the mean±s.e.m. of the peak 
amplitude. 
A) 2-OH-S significantly reduced the peak amplitude of the IPSCA, which reversed on 
washing. 
B) This reduction of the IPSCA by 2-OH-S is shown for each individual cell to indicate the 
overall trend of the group of cells and any gross deviation from this trend. 
C) CGP 36742 did not effect the peak amplitude of the IPSCA-
D) The effect of CGP36742 is shown for each individual cell to indicate the overall trend of 
the gr oup of cells and any gr oss deviation from this trend 
Figure 6.10 (...following page) The effects of 2-OH-S (200|iM, n=7) and CGP 36742 
(lOOjiM, n=5) on the IPSCg are shown quantified as the mean±s.e.m. of the peak 
amplitude. 
A) 2-OH-S significantly reduced the peak amplitude of the IPSCg, which reversed on 
washing. 
B) This reduction of the IPSCg by 2-OH-S is shown for each individual cell to indicate tlie 
overall trend of the group of cells and any gr oss deviation from this hend. 
C) CGP 36742 also reduced the peak amplitude of the IPSCg which was reversible on 
washing.-
D) The effect of CGP36742 is shown for each individual cell to indicate the overall trend of 
the group of cells and any gross deviation from tlris trend 
102 Figure 6.11 (next page) The effects of 2-OH-S (200nM, n=7) and CGP 36742 
(100|J,M, n=5) aie shown on the stimulus response cui-ve of the IPSCA- The values for the 
stimulus amplitude are normalised and indicate a increase in the stimulus voltage applied. 
A) 2-OH-S significantly affected the stimulus response cui-ve of the IPSCA moving it to 
the right of tlie control at all stimulus intensities and this effect was partially reversible on 
washing. 
B) The effects of 2-OH-S on ±e stimulus response curve of the IPSCA shown for each 
individual cell to indicate any gross deviation from the mean. 
C) CGP 36742 did not significantly affect the stimulus response curve of the IPSCA-
D) The effects of CGP 36742 on the stimulus response curve of the IPSCA shown for 
each individual cell to indicate any gross deviation from the mean. 
Figure 6.12 (...following page) The effects of 2-OH-S (200|iM, n=:7) and CGP 36742 
(lOO^M, n=5) are shown on the stimulus response cui-ve of the IPSCg. The values for the 
stimulus amplitude aie normalised and indicate a increase in the stimulus voltage apphed. 
A) 2-OH-S significantly affected the stimulus response cui-ve of the IPSCg moving it to 
the right of' tlie contiol at all stimulus intensities and this effect was partially reversible on 
washing. 
B) The effects of 2-OH-S on the stimulus response curve of the IPSCg are shown for each 
individual cell to indicate any gross deviation from the mean. 
C) CGP 36742 also significantly affected the stimulus response curve of the IPSCg 
moving it te the riglit-of the control at all stimulus intensities and this effect was partially 
reversible on washing. 
D) The effects of CGP 36742 on the stimulus response cui-ve of the IPSCg are shown for 
each individual cell to indicate any gi oss deviation from the mean. 
106 In addition to this, we cannot rule out the possibility that the depression of the postsynaptic 
IPSCg by 2-OH-S was as a result of agonist/partial agonist effects at the presynaptic 
GABAg receptor. This would cause a depression of the IPSCp as obsei-ved, but this 
would also be the case for any postsynaptic antagonist effects of 2-OH-S. However, we 
could not see any significant DC shift of the postsynaptic membrane conductance or a 
change in the input resistance caused by 2-OH-S diat would indicate activation of a 
postsynaptic K+ cunent. This would have been expected with application of baclofen. 
While these results cleaiiy indicate that 2-OH-S is able to depress the IPSCA via 
presynaptic agonist/paitial agonist action, the effect on the IPSCg is less conclusive and 
from the experiments performed here it is only possible to speculate on the actions, if any, 
of 2-OH-S on tlie postsynaptic receptors. It may be possible that the dissimilarity between 
these results and studies which show that 2-OH-S antagonises the presynaptic effects of 
baclofen and disinhibition, could anse if 2-OH-S was a partial agonist at the pre and 
postsynaptic GABAg receptors, reducing the effects of baclofen and GABA by competing 
for the receptor sites. This effect could be blocked by an antagonist such as phaclofen, 
which was seen to be the case in the extiacellulai" studies. Indeed, 2-OH-S has been 
reported to have only a very weak antagonistic effect on GABAg hyperpolarisations 
(Segal, 1990). 
The Depression of the EPSC by 2-OH-S and (-)Baclofen 
The results obtained in this study were in full agreement with (-)baclofen depressing tlie 
evoked EPSC by activation of presynaptic GABAg receptors (Bowery et al., 1980; 
Lanthorn & Cotman, 1981; Ault & Nadler, 1983; Dutar & Nicoll, 1988b; Hanison, 1990; 
Thompson & Galiwiler, 1992a: Thompson,Scanziani,Capogna, & Gawhiler, 1992). This 
was seen in the reduction of the peak amplitude of the EPSC at all stimulus intensities. 
2-OH-S also depressed the EPSC (64±14%) to an extent comparable with ±e depression 
caused by baclofen (66±16%) (Figures 6.16 & 6.17). As the postsynaptic K+ conductance 
was blocked by QX-314, it would appear that this effect was mediated by an agonist/partial 
agonist action on the presynaptic receptors of excitatory terminals to depress the release of 
glutamate. This would appear to agree with the observations in chapters 3 and 4, that 2-
OH-S depressed the evoked conditioning response and that this could be reversed by 
phaclofen and not bicuculline. The possibility tliat the depression of the EPSC by 2-OH-S 
and (-)baclofen may be a result of activation of GABAg receptors on the postsynaptic 
membrane that do not activate a K+ conductance cannot be determined from these 
126 between our results and those from that particular study. The inhibition that had been 
observed at 10msec was also completely blocked suggesting that there may be an early 
feedback inhibition of the EPSC mediated by GABA^ receptors. These results coiTelate 
with the paired pulse inhibition of the population response mediated by GABAB receptors 
which was obsei-ved in the extracellular studies in earlier chapters. Botli of these results 
however do not correlate with the time course of the postsynaptic IPSCg suggesting 
further evidence for the role of the presynaptic GABAg receptor in modulation of 
excitatory transmission. 
In summary, in our hands, 2-OH-S appears to exert agonist/partial agonist actions at 
presynaptic receptors leading to a reversible decrease in the amplitude of the EPSC, IPSC/^ 
and IPSCg. This may be via activation of a K+ conductance, as already descnbed for the 
postsynaptic IPSCg or via a reduction of a Ca^+ current. Paired pulse facilitation of the 
EPSC may result from GABAergic disinhibition and paired pulse inhibition of the EPSC 
may be mediated by activation of presynaptic GAB Ag receptors on excitatory afferents to 
depress glutamate release, giving suppoit for a functional role of GABAg receptors in 
synaptic transmission. A schematic model of the location of actions of 2-OH-S is shown in 
Figure 6.24. 
It should be mentioned that there is always the possibilty that the anomalous results 
obtained with 2-OH-S were due to contamination of the compound with an agonist such as 
baclofen. However, the results with 2-OH-S were consistent throughout the length of this 
study and a number of different batches from the same source were used. If there was 
contamination, one would expect a vaiiability in the amount of contamination and the 
effects subsequently seen. Also in support of these results there was no evidence for an 
action of 2-OH-S at tlie postsynaptic site, which if contaminated with baclofen would be in 
evidence. Taking all this into acount it would most likely that contamination was not a 
detennining factor here in this study. 
128 General Discussion 
The aim of this work was to study GABAergic inhibition mediated by pre- and 
postsynaptic GABAg receptors and to investigate the involvement of the two in the 
modulation of excitatory transmission in area CAl of the hippocampal slice. Extracellular 
recordings of a population of cells, coupled with whole cell patch recordings of single 
cells, were successful in revealing the inhibition mediated by GABAA and GABAg 
receptors in this aiea. Investigations were carried out with 2-hydroxy-saclofen on the 
responses of single cells and a population of cells in order to understand the mechanisms of 
inhibitory control and to relate the two together The results that were obtained will be 
discussed below, in the context of physiological relevance of GABAg-mediated inhibitoiy 
mechanisms in noiTnal and pathological conditions. 
Pre- and Postsynaptic GABAg Receptors: A Physiological Role in 
Hippocampal Function ? 
The role of the presynaptic GABAg receptor has been studied more closely over the last 
few years and it is without doubt that they can have a major influence on synaptic 
processing. Activation of these receptors by the endogenous agonist GABA, or other 
agonists, such as baclofen, leads to the depression of both excitatory and inhibitory 
potentials, as a result of a decrease in transmitter release. Some doubt has been cast as to 
the importance of the GABAg autoreceptor on inhibitory terminals under noiTnal 
physiological conditions (Waldmeier et al., 1988; Waldmeier,Wicki,Bittiger, & Baumann, 
1992). However, otlier evidence indicates that the reduction in recunent inhibition induced 
by tetanic stimulation can be reversed by GABAg antagonists (Mott et al., 1990) and 
indeed a number of studies including this present one, indicate the reduction of excitatory 
and inhibitory potentials, by a presynaptic mechanism (Dutai" & Nicoll, 1988b; Davies et 
130 al., 1990; Davies et al., 1991; Harrison, 1990; Otis et al., 1993; Otis & Mody, 1992; 
Thompson etal., 1992). 
The reduction of the IPSP by activation of presynaptic GABAg receptors, has been well 
documented as providing an important physiological function for the presynaptic receptor 
in the induction and facilitation of LTP (Mott et al., 1990; Olpe & Karlsson, 1990; Burgaid 
& Sai-vey, 1991; Davies et al., 1991; Mott & Lewis, 1991; Davies & Collingiidge, 1992; 
Mott et al., 1992; Mott & Lewis, 1992; Olpe et al., 1992). Activation of the presynaptic 
receptors results in a decrease in GABA release, a decrease in activation of the postsynaptic 
hyperpolarisation and subsequently a net increase in the NMDA current which enhances the 
induction of LTP. This provides an important point of conb ol in the synaptic process of 
leaiTiing and memory and may be a possible target for therapeutic treatment in this area. 
The depression of the EPSP/C is believed to result from activation of presynaptic GABAg 
receptors as mentioned above and in the preceding chapters. Tlie results obtained in this 
study support this view. When the postsynaptic K+ conductance was blocked with QX -
314, activation of GABAg receptors by baclofen and 2-OH-S led to a depression of the 
EPSC (Figure 6.16). This is assumed to be via activation of presynaptic receptors. 
Recent work has shown that depression of the EPSC evoked by heterosynaptic paired 
pulse stimuli is maximal at 300ms (Isaacson et al., 1993). It was shown that underlying 
this depression is an increase in paired pulse facihtation of GABA release fi om inhibitory 
terminals which can be blocked by GABAg antagonists. The results obtained here with 
paired pulse stimulation of the population spike also indicated a depression at 300ms that 
could be blocked by phaclofen (Figure 3.4). In addition paired pulse depression of the 
EPSC revealed a depression at 300ms (Figure 6.21B). This was only apparent though after 
addition of bicuculline. 
Isaacson et al suggest that a spillover of GABA from the inhibitory synapses onto the 
nearby excitatory terminals results in the depression of the EPSP/C. This mechanism is 
suggested to provide a physiological role for presynaptic GABAg receptors in the 
depression of the EPSP/C. Tlie uptake mechanisms appear to play an impoitant role in this 
process by regulating the diffuse inhibitory synaptic action of GABA. Block of tlie uptake 
mechanisms was seen to significantly enhance the inhibition of excitatoiy transmission and 
to enhance the slow IPSC. Other studies have also shown that block of GABA uptake 
enhances the size of the slow IPSC (Roepstorff & Lambert, 1992; Solis & Nicoll, 1992a; 
131 Thompson & Gahwiler, 1992b). Under conditions of high frequency activation or 
excessive excitation these receptors may act to control the strength of excitatory 
transmission in the hippocampus. 
The results in this study, indicate that the latency of the peak of the postsynaptic GABAg 
IPSC (175msec) is not the same as the latency of the peak of the late inhibition of the 
population spike or the paired pulse depression of the EPSC, both of which ai e maximal at 
300msec. The time course of the depression of the initial slope of the field EPSP also 
peaked at 300msec, further support for a presynaptic effect. This is in agieement with the 
results of Isaacson et al (above) and fuither supports the role of presynaptic inhibition in 
the modulation of excitatory ti ansmission. 
2-OH-S depressed the postsynaptic EPSC (Figure 6.16), IPSCA (Figure 6.8) and IPSCg 
(Figure 6.2). This appeared to conelate both qualitatively and quantitatively, with the 
effects on the extracellular responses. 2-OH-S depressed the conditioning response, the 
early GABA^ inhibition and tlie late GABAg inhibition (Figure 4.1). The time to peak of 
the eaily inhibition (approx. 30msec) measured after paired pulse stimulation reflected tlie 
time to peak of the IPSCA. However, as mentioned above, the time to peak of the late 
inhibition (300msec) did not match the time to peak of the IPSCg (175msec). This 
indicates a clear difference between pre and postsynaptic inhibition which can be separated 
on the basis of their time course of action. Activation of the presynaptic receptor would 
appeal" to underlie the depression of the EPSC/population spike. 
2-OH-S depressed the conditioning response, the slope of tlie field EPSP and the EPSC by 
similar amounts. The reduction in the size of the conditioning response and the slope could 
be reversed by phaclofen (Figure 4.6) and not bicuculline (Figure 4.5) supporting a direct 
activation of GABAg but not GABAA receptors. 2-OH-S depressed the EPSC (Figure 
6.16) by a similar amount to that seen with the GABAg agonist baclofen. This was 
assumed to be a presynaptic effect as the postsynaptic K+ conductance was blocked, 
further evidence to support a role for the presynaptic receptor in the depression of 
excitadon. 
The depression of the early inhibition and the IPSCA by 2-OH-S, probably results from 
activation of GABAg receptors on the terminals of intemeurones located in the stratum 
pyramidale, or oriens/alveus. Activation of presynaptic GABAg receptors would lead to a 
132 decrease in the amount of GABA released and a reduction of the postsynaptic GABAA 
response (Nathan et al., 1990a; Nathan & Lambert, 1991). It is unlikely that the same 
effect could be achieved by an action on postsynaptic GABAg receptors. The results 
obtained with bicuculline on the conditioning response show there is no evidence for a 
direct effect of 2-OH-S on the postsynaptic GABA^ receptor. It would appear tliat under 
extracellular conditions, the reduction in the early inhibition was also due in part to the 
depression of the excitatory drive and subsequent feedback inhibition (Figure 4.4). The 
size of the test response at early intei-vals appeared to be enhanced with respect to controls 
(Figure 4.4), suggesting a block of GABA^ inhibition. In comparison to these actions the 
selective GABAg antagonists, phaclofen and CGP 36742, had no effect on the early 
inhibition or the amplitude of the IPSC^ respectively (Figure 3.4, Figure 6.8). 
The depression of the late inhibition and the IPSCg, could also result from activation of 
presynaptic GABAg receptors, to reduce GABA release from the terminals of the 
interneurones in stmtum lacunosum/moleculare. It is also possible though, that either of 
these components could be reduced by an antagonistic action at the postsynaptic GABAg 
receptor site. However, we could find no evidence for the activation of an outward 
conductance by 2-OH-S on the postsynaptic membrane. This is in contrast to baclofen 
which does activate an outward conductance (Newbeny & Nicoll, 1984a; Gahwiler & 
Brown, 1985; Dutar & Nicoll, 1988b; Gage, 1992). As mentioned in chapter 6 it would 
have been helpful to show the conductance change with baclofen in the absence of QX-
314. The reduction in the conditioning response under extracellular conditions, could 
contribute to the reduction in the late inhibition. Indeed, the amplitude of the test response 
at late intej-vals appeared to be depressed compared to controls (Figure 4.4), although one 
would expect it to be enhanced if tliere was a block of the postsynaptic receptors. 
2-OH-S, in addition to its effects on paired pulse inhibition, enhanced the paired pulse 
facilitation of the population spike ajid the slope of the field EPSP (Figme 4.2). This may 
reflect an underlying depression of the inhibitory response. The effects of phaclofen were 
opposite to those of 2-OH-S on tlie same parameters, while bicuculhne appeared to have no 
direct effect on either of them. 
These results, when viewed as a whole, can be quite logically explained by 2-OH-S acting 
as a paitial agonist at presynaptic GABAg receptors. This would explain why some groups 
have found that 2-OH-S can antagonise the actions of baclofen and GABA. As a partial 
agonist, on its own, acting on electrically evoked potentials, it would exert a predominately 
agonistic effect. In the presence of a true agonist, it would appear to exert weak 
133 Marescaux, Vergnes, Martin, Rubio, et al., 1992). Although it has been suggested that the 
GABAB receptors are responsible for this syndiome, the underlying mechanisms have still 
to be elucidated. The increasing availability of new, potent GABAB receptor antagonists 
(Olpe et al., 1993) will hopefully be of use in clinical neatment of this condition. 
Excessive glutamate can damage neurones and is involved in several neurological disorders 
(Choi, 1988) Depression of glutamate release by activation of presynaptic GABAg 
receptors may provide a promising target for a neuroprotective role by correcting the 
imbalance between GABA and glutamate 
Although activation of presynaptic GABAs receptors has a role in the induction of LTP, 
the facilitation of LTP by GABAB antagonists (Olpe & Karlsson, 1990) leads to the 
question of a possible target for cognitive improvement. Baclofen has been shown to 
decrease memory acquisition and retention in rats (Schwarzwelder,Tilso%McLamb, & 
Wilson, 1987) and it has recently been demonstrated that GABAB antagonism can improve 
learning and memory storage in mice, rats and monkeys (Mondadori,Preiswerk, & Jaekel, 
1992). Cleaily, the nature of the preparation studied and frequency of activation may 
deteiTnine the exact nature of the involvement of GABAB receptors. 
Conclusion 
In summary, this work has reinforced the idea of the importance of GABAB receptors in 
synaptic processing and shown that the depression in excitatory transmission due to 
activation of presynaptic receptors on excitatory terminals has a more important role than 
had previously been thought. The reduced excitability of pyramidal cells due to the 
postsynaptic GABAB mediated IPSC precedes the maximal paired pulse depression seen in 
population responses. The latter correlates well with EPSC depression. 
Although there is no solid evidence for a pharmacological difference between the pre and 
postsynaptic GABAB receptors, there is evidence to suggest that their transduction 
mechanisms differ (chapter 6). The results here show that there is also a quantitative 
difference between the pre and postsynaptic inhibition mediated by GABAB receptors. It 
would appear that the activation of the postsynaptic GABA^ and GABAB receptors 
modulates excitatoiy tiansmission by preventing repetitive Rring of the pyramidal cells. The 
delay in presynaptic inhibition is probably a result of the activation by GABA which has 
diffused across the synapse after being released from inhibitory interneurones. It appears 
that the presynaptic receptor plays a physiological role in the depression of the EPSC which 
135 underlies the depression of the population response. The actions of 2-OH-S appear to be 
primanly mediated through pardal agonist actions at the presynaptic receptors in these 
experiments and although no evidence was seen for a postsynaptic effect, this cannot be 
ruled out. Further advances require specific probes to separate pre and post effects at 
different sites before a more precise picture can be built up of the role in synaptic function 
in the CMS. 
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